ABSTRACT Fine particulate matter (PM 2.5 ) has been manifested to be one of the major health-threatening airborne pollutants in the urban environment, as it is composed of inhalable particles, which may have considerable adverse health effects on the human respiratory system. However, there is limited evidence on the difference in these effects among various population groups in China. This paper aimed to perform a comparative analysis on the health effect of PM 2.5 on hospital admissions of acute respiratory infections (ARI) for both children and adults. Total 39 604 hospital admission records were collected from 98 hospitals and then matched with air pollution data from 19 monitoring stations from January 1 to December 31 in 2014. A spatial correlation test was used to estimate the spatial dependency and a time series analysis designed with a distributed lag non-linear model was further involved to evaluate the associations between PM 2.5 pollution and ARI admissions. Significant effect distinctions were detected between children and adults, mainly revealing in acute lower respiratory infections (ALRI). For ALRI, the spatial correlation coefficient between population exposure and hospital admissions was 0.69 for children and 0.34 for adults. Meanwhile, for children, significant associations between PM 2.5 and ALRI admissions were found at quite low concentrations (slightly above zero) and lasted for six days, with each 10-µg/m 3 increase in PM 2.5 corresponded to a 4.3% (95%CI: 1.2%, 7.2%) increase in the number of admissions. While for adults, no significant association emerged until the concentration of PM 2.5 exceeded a threshold value (100 µg/m 3 for the lag of two days) and lasted no more than three days. Our results suggested that short-term exposures to PM 2.5 were associated with increased risk of ALRI admissions for children and adults in various ways, and emphasized the needs for specific preventive measures for different age groups.
I. INTRODUCTION
There are now substantial epidemiological evidences linking respiratory disease with a certain time exposure in contaminated air environment for general population in China, especially with particulate matter (PM) pollution [1] - [10] . However, as a vulnerable group of the population, children are more likely to be affected by surrounding air environments due to their narrower respiratory tracts and immaturity of pulmonary function; in addition, young children inhale more air per unit time and accounting for body weight with smaller surface area of their lung, indicating that comparatively more inspired air reaches the lung [11] . Accordingly, associations between ambient air pollution and children's respiratory health are of particular interest and concern. The short-term health effects of exposures to ambient air pollutants on children's health have been studied by a variety of time series and case-crossover studies, using mortality or health care visits as the measure of health condition in the population [12] - [18] . These results suggested that air pollution episodes were significantly associated with respiratory morbidity (aggravation of respiratory symptoms, asthma and an increase in hospital admissions) in young children. Among all the harmful air pollutants, fine particulate matter (PM 2.5 ) is a major health threat for respiratory system of children, as an aggravating factor of respiratory infections [19] - [24] .
At present, PM 2.5 pollution is getting more and more serious in a great number of cities in China, especially the first-tier cities [25] , [26] . As one of the fastest developing cities, Shenzhen ranks among the first-tier cities in China, together with Beijing, Shanghai and Guangzhou. Unlike the other three first-tier cities, environmental condition in Shenzhen is comparatively favorable, and the pollution level of particulate matter is lower than most first and second tiered cities in China [27] - [29] . As such, few researches had focused on the environmental health conditions in Shenzhen. However, evidence has shown that long-term exposure to PM 2.5 , even at concentrations which are not much greater than normal background concentration, leads to increased risk of mortality [30] , [31] . The lowest concentration level at which adverse effects start to manifest has been estimated to be 3-5 µg/m 3 for PM 2.5 in the United States and Western Europe [32] . Besides, Shenzhen possessed the maximum population density (5689 person/km 2 ) in mainland China, far exceeding the second most overpopulated city Shanghai (3833 person/km 2 ) [33] . Therefore, how PM pollution may affect the health conditions of people in Shenzhen is as equally significant as in other first-tier cities in China. Zhang et al. [34] evaluated the associations between PM pollution and all-cause mortality in Shenzhen in 2013. They have proved that effect of PM pollution on mortality was significant in Shenzhen. Lin et al. [35] reported that significant association of PM 2.5 with mortality of respiratory diseases was revealed in Shenzhen from 2013 to 2015.
In this research, we intended to investigate the health effect of PM 2.5 on a specific category of respiratory disease in Shenzhen. Concerning acute symptoms for short-term exposure, we chose to study the health effect of PM 2.5 on acute respiratory infections (ARI) of both children and adults, based on PM 2.5 monitoring data and hospital admission records of ARI in Shenzhen in 2014.
II. MATERIALS AND METHODS
A. DATA PREPARATION 1) POPULATION EXPOSURE TO PM 2.5 PM 2.5 concentration data was obtained from Shenzhen environmental monitoring center, which has been systematically monitoring hourly concentrations of PM 2.5 through groundbased stations since 2013. There are 19 ground-based monitoring stations spread over the city area (Figure 1 ). Spatial interpolation method was applied to convert the concentration of PM 2.5 from station-level to grid-level. The grid of PM 2.5 concentration with a resolution of 1 kilometer was generated by co-kriging method [36] incorporated with DEM data, resulting in a mean percentage error (MPE) of 0.05 and index of association (IOA) of 0.98. For health effect evaluation, instead of using pollutant concentration, population exposure is more superior in characterizing the spatial impact pattern for air pollution on residents [37] , [38] . In this research, population exposure to PM 2.5 was firstly estimated at the grid-level and then integrated to the region-level (the subdistrict level). At the grid-level, population exposure ϕ was calculated as,
where i designates each computational cell; P i and C i stand for the population and PM 2.5 concentration at the ith cell location, respectively. At the region-level, the population exposure was measured as the population-weighted PM 2.5 , calculated as,
where x represents the population exposure to PM 2.5 for subdistrict x; and P x = n i=1 P i is the total population in subdistrict x.
Taking population distribution into account, populationweighted PM 2.5 aggregated to region-level provides a more effective measure of the health risk of exposure to PM 2.5 within this region. For each individual region, if the spatial trend of PM 2.5 concurs with population distribution, the resulting population-weighted PM 2.5 tends to be more aggravated than the regional averaged PM 2.5 because of the combined effects of high-level pollution and population clustering within this region.
2) HOSPITAL ADMISSION DATA
Hospital admission data was obtained from Shenzhen Center for Medical Information. There were approximate 140,000 total respiratory-related hospital admission records (from 1 January 2014 to 31 December 2014) from 98 hospitals spread across the whole city area (Figure 1 ). These records contained the date of admission, age, residential address and discharge diagnosis from the tenth revision of the international classification of diseases (ICD-10, Ministry of Health Statistical Information Center, 2001) for each patient. Based on ICD code, 39,604 hospital admissions of ARI were picked out, including 33,038 children under 14-year-old and VOLUME 7, 2019 6,566 adults under 65-year-old. To eliminate the distinctiveness of old people, only adults under 65-year-old were considered as comparison in this research.
For each age group, hospital admissions were divided into acute upper respiratory infections (AURI) (J00-J06) and acute lower respiratory infections (ALRI) (J20-J22) for analysis. Based on the residential address, hospital admission records were assigned with proper coordinates by geocoding and then allocated to the corresponding subdistrict. In this way, spatial patterns of hospital admissions were generated for different categories for further analysis. Figure 2 shows the age structure of hospital admissions of ARI for children under 14-year-old. It reveals that the number of hospital admissions significantly reduces as age increases and children younger than 6 years old are more likely to get infected. 
B. SPATIAL CORRELATION TEST
To estimate the spatial health effects of PM 2.5 on residents, Pearson correlation coefficient was used to quantify the correlation and dependency between the population exposure to PM 2.5 and hospital admissions of ARI. Pearson correlation coefficient (r) measures the linear correlation between two variables x and y, ranging from −1 to +1, where 1 stands for a perfect correlation, 0 stands for no linear correlation and plus or minus stands for positive or negative correlation. It is calculated as,
where n represents the number of variables, the number of subdistricts in this case; x i and y i are the ith value for variable x and y, respectively;x andȳ are the average value for variable x and y, respectively; x and y are population exposure and hospital admission in this case.
C. LAG EFFECT ANALYSIS
A time series analysis was designed to evaluate the lag effect of PM 2.5 on respiratory health by revealing the potential exposure-response relationship between them. Exposureresponse relationship represents the correlation between the level of pollution exposure and the occurrence of certain negative reactions in the human body system. It is generally defined as the change in the concentration of ambient air pollutants and the corresponding quantity changes in the ratio of individual reactions in the population. The Distributed Lag Non-linear Model (DLNM) was adopted to estimate the exposure-response relationship in this study. The DLNM is developed from the generalized additive model (GAM) to evaluate the lagged effect when the consequence in a specific period is influenced by the extent of a certain precedent event [39] . In recent years, DLNM has been used to quantify health effects associated with air pollution in the field of epidemiology [40] - [43] . The main advantage of the DLNM is that it allows the model to contain a detailed time-course representation of the exposureresponse relationship, which in turn provides an estimate of the cumulative effect as the sum of the single-day lag effect upon the whole lag period. To optimize the model, penalized smoothing splines of calendar time and temperature, pressure, as well as relative humidity were added, to adjust for long-term trends and control for the potential confounding effects of weather, respectively. The generalized cross validation was applied to guide the determination of degrees of freedom (df) for the smoothers until the absolute values of the sum of errors achieved a minimum. We also referred to other relevant studies for suggestions [35] , [44] , [45] . Finally, we determined a df of 7 for calendar time, a df of 3 for both temperature and relative humidity of the current day and previous 3 days to account for the potential nonlinear effects, and a df of 5 for the same day's pressure. The model was of the form,
where t is the day for observation; X t−L indicates the concentration value of PM 2.5 on L days before day t; E (Y t ) is the expected number of hospital admissions on day t; α is the intercept term; β represents the log-relative risk (RR) of hospital admissions associated with a unit increase of PM 2.5. ; S (time, df ) represents the penalized smoothing spline of calendar time; and S (Z t , df ) represents the penalized smoothing splines of the meteorological variables.
Based on this model, a time series analysis was carried out to evaluate the lagged health effect of PM 2.5 on both children and adults in terms of hospital admissions of ARI. The DLNM and Mixed GAM Computation Vehicle (MGCV) packages in R (3.4.0, University of Auckland, Auckland, New Zealand) were used to perform the analyses. All statistical tests were two sided, and values of p < 0.05 were considered statistically significant. We investigated the effect with different lag structures using a single-day lag from the current day up to previous 15 days (lag0-lag15), as well as cumulative lag effects of the current and previous days (lag0,1-lag0,15). Percent change (PC) of hospital admissions and its 95% confidence interval (CI) associated with a 10-µg/m 3 increase in PM 2.5 were calculated to qualify the strength of the linear exposure-response relationship. The PC was calculated as,
In addition, the exposure-response relationships were examined in both single-pollutant and two-pollutant models. In the single-pollutant models, PM 2.5 was included alone in the models. In the two-pollutant models, except for PM 2.5 , another air pollutant (sulfur dioxide, nitrogen dioxide or ozone) was included jointly at the same lag day, using a penalized smoothing spline with a df of 5 to account for the potential nonlinear effects.
III. RESULTS

A. SPATIAL PATTERNS OF POPULATION EXPOSURE AND HOSPITAL ADMISSION
Spatial patterns of PM 2.5 concentration and geostatistics of ARI hospital admissions were visualized using a stretched Color Ramp and a pie graph of subdistrict, respectively (Figure 3) . The spatial pattern of PM 2.5 concentration presented an overall trend of high in northwest and low in southeast, which was markedly different from the spatial pattern of hospital admissions of ARI. When taking population distribution into consideration, the spatial similarity between population exposure to PM 2.5 ( Figure 4 ) and individual hospital admissions of ARI ( Figure 5 ) increased apparently. In terms of the geospatial statistics of hospital admissions, there were far more children ARIs than adults in all subdistricts. However, no particular spatial trends were detected for children and adults in both AURI and ALRI hospital admissions. In the next section, spatial correlation coefficients were further evaluated to explore significant distinctions between children and adults from a statistical perspective. 
B. SPATIAL CORRELATIONS BETWEEN POPULATION EXPOSURE AND HOSPITAL ADMISSION
Spatial correlations between population exposure to PM 2.5 and hospital admissions of ARI were demonstrated statistically in this section. The correlation results ( Figure 6 ) showed that hospital admissions of ARI were significantly correlated with population exposure to PM 2.5 for both children and adults. Taking the infections occurrence into consideration, distinctions between children and adults showed up. The highest correlation was found for ALRI hospital admissions of children (r = 0.69) while the lowest correlation was for that of adults (r = 0.34). As for AURIs, relatively high correlations were detected for both children (r = 0.62) and adults (r = 0.66). However, the magnitude of correlation coefficients cannot quantify the influence among variables directly [46] , it just provides a valuable reference for the following lag effect analysis between PM 2.5 and hospital admissions.
C. LAG EFFECT OF PM 2.5 ON HOSPITAL ADMISSION
During the study period, there were total 39,604 hospital admissions of ARI in Shenzhen, of which patients younger than 14 years old comprised more than 80% of the total. The distribution of daily number of ARI hospital admissions, air pollutant concentrations and meteorological conditions are summarized in Table 1 . For hospital admissions of children, the daily numbers ranged from 15 to 85 for AURI and from 21 to 72 for ALRI; and for hospital admissions of adults, the daily numbers ranged from 2 to 24 for AURI and from 1 to 21 for ALRI, respectively. In the lag effect analysis, the daily concentration of PM 2.5 was calculated as an average of the interpolated result of the whole study area. The annual average concentrations of PM 2.5 was 37 µg/m 3 , slightly exceeding the Chinese ambient air quality standard (35 µg/m 3 ) [47] . For meteorological conditions, average temperature and humidity were 23.2 • C and 73%, respectively, reflecting a typical subtropical oceanic climate.
A time series analysis based on DLNM was carried out to explore the lagged health effect of PM 2.5 on both children and adults in terms of hospital admissions of ARI. Firstly, DLNM was applied to evaluate the linear effects of PM 2.5 in relation to a 10 µg/m 3 increase in concentration. The resulting exposure-response patterns based on the singlepollutant model for both single day lag effect and cumulative lag effect are shown in Figure 7 , with black bars and gray areas representing the 95% CI. In the single-pollutant model, significant association was only observed between PM 2.5 pollution and ALRI hospital admissions of children within a lag of 6 days. Specifically, a 10-µg/m 3 increase in PM 2.5 was associated with a 4.3% (95%CI: 1.2%, 7.2%) increase of ALRI hospital admissions of children. As for AURI hospital admissions of both children and adults, and ALRI hospital admissions of adults, no significant associations were detected.
In two-pollutant models, significance of the resulting effects of PM 2.5 on ARI hospital admissions of both children and adults remained unaffected after adjusting sulfur dioxide, nitrogen dioxide or ozone in the models: the associations between PM 2.5 pollution and ALRI hospital admissions of children remained significant within a lag of 6 days and other associations remained insignificant on any day (Table 2) . When controlled for sulfur dioxide, nitrogen dioxide and ozone, we estimated an increase of 3.6% (95% CI: 0.3%, 7.1%), 3.2% (95% CI: 1.1%, 5.3%), and 6.2% (95% CI: 3.5%, 9.0%) respectively in ALRI hospital admissions of children associated with a 10 µg/m 3 increase in PM 2.5 .
The above results were obtained assuming the relationship between PM 2.5 concentration and RR for hospital admissions of ARI was linear. However, the linearity assumption between air pollutants and their adverse effects on human health may not hold, further investigation on nonlinear exposureresponse associations was performed by including a penalized smoothing spline of PM 2.5 with a df of 5 in DLNM. Referring to the above results, the non-linear exposureresponse associations between PM 2.5 pollution and hospital admissions were investigated in a lag of 6 days for children ALRI and in a lag of 0 to 7 days for the other three statistically insignificant cases. Corresponding non-linear exposure-response patterns of cumulative lag effects on the lag of 6 days for children ALRI and on the lag of 2 days for the other three cases are shown in Figure 8 . The investigation outcomes indicated that associations between PM 2.5 pollution and hospital admissions of AURI for both children and adults remained statistically insignificant for all concentration values while the associ-TABLE 2. Percentage increase of hospital admissions associated with 10-µg/m 3 increase in air pollutant concentrations within 15 days of lag for ARI in Shenzhen in 2014. VOLUME 7, 2019 ations between PM 2.5 pollution and hospital admissions of ALRI for adults turned to be significant above a threshold value (100 µg/m 3 for lag0,2) on the lag of 2 and 3 days.
IV. DISCUSSION
This study conducted a systematic comparison on the difference of the health effect of PM 2.5 on hospital admissions of ARI between children and adults in an overpopulated city in China. It was found out that short-term exposure to ambient PM 2.5 was significantly associated with increased hospital admissions of ALRI for both children and adults in Shenzhen in 2014. However, distinct exposure-response patterns were detected for different age groups. In the case of ALRI hospital admissions for children, significant associations with PM 2.5 emerged at quite low concentrations and lasted for a lag of 6 days; while in the case of ALRI hospital admissions for adults, no significant association with PM 2.5 emerged until the concentration exceeded a threshold value (e.g. 100 µg/m 3 for the lag of 2 days) and lasted no more than a lag of 3 days. We deduced that significant association between PM 2.5 pollution and ALRI hospital admissions emerged at low concentration level with long lag period for children while that emerged at high concentration level with short lag period for adults.
Previous study [48] had carried out a congeneric study on health effect of air pollution in Shenzhen in 2013. A threshold method was applied to focus on the health effect of PM 2.5 when the concentration exceeded 80 µg/m 3 . According to the statistical data, only 31 days out of 365 days experienced high PM 2.5 concentrations exceeding the threshold, and their results were consequently based on data from a few days with high uncertainty. Therefore, the threshold method is more applicable to cities with high pollution level all year round. In the view of the low pollution level in Shenzhen, a linear model covering the whole range of the concentration values was applied in this study.
Unlike other epidemiological studies which only focused on time series analyses, this study also included a spatial correlation analysis to evaluate the association between PM 2.5 and hospital admissions of ARI from a spatial view. For AURI of both children and adults, high spatial correlations between population exposure to PM 2.5 and hospital admissions were observed, while no significant exposure-response relationship between PM 2.5 and hospital admissions were detected in the lag effect analysis. Therefore, short-term exposure to PM 2.5 had no significant adverse lag effect (within 15 days) on hospital admissions of AURI for both children and adults in Shenzhen. However, judging from the annual spatial pattern in a relatively long term, high population exposure to PM 2.5 and clustering of AURI hospital admissions were spatial correlated in some way.
For ALRI, significant associations between PM 2.5 and hospital admissions were detected in both spatial and temporal sense for children while only in temporal sense for adults. High spatial correlation between population exposure to PM 2.5 and hospital admissions was only observed for children. Nevertheless, significant associations between short-term exposure to PM 2.5 and number of ALRI hospital admissions were revealed for both children and adults in the lag effect analyses. For ALRI hospital admissions of adults, significant association with PM 2.5 did not emerge until the concentration of PM 2.5 exceeded a threshold value (100 µg/m 3 for the lag of 2 days). This finding can help to explain the low spatial correlation observed for adults. The concentration values of PM 2.5 based on which the spatial correlation test was carried out were the annual average (ranging from 35 µg/m 3 to 50 µg/m 3 ), which were much lower than the detected threshold. Therefore, it was not contradictory to find out the low spatial correlation between population exposure to PM 2.5 and ALRI hospital admissions for adults when significant associations were detected for the exposureresponse pattern in the lag effect. However, on account of that only one-year period data was considered in this study, a pervasive threshold value cannot be determined without involving data from a few more years.
In addition, the significant association between short-term exposure to PM 2.5 and ALRI hospital admissions for children emerged at quite low level of PM 2.5 pollution. Similar exposure-response patterns between PM 2.5 and pediatric outpatient visits for respiratory illness were detected in other cities in China, indicating that an increase in PM 2.5 at quite low level may lead to increased number of respiratory irritation of children [49] - [51] . These findings manifested that there was no safe level of exposure or threshold below which no adverse health effects of PM 2.5 on children may occur. Numerically, results in this study showed that each 10-µg/m 3 increase in PM 2.5 was associated with a 4.3% (95%CI: 1.2%, 7.2%) increase in the number of ALRI hospital admissions of children. Similar results of the exposure-response relationship between PMs and population health were found in relevant researches. A case crossover study in Australia and New Zealand showed that, the increase percentage for respiratory admissions was 2.4% (95%CI: 1.0%, 3.8%) for children under 1-year-old associated with a 3.8-µg/m 3 increase in PM 2.5 and 1.9% (95%CI: 0.1%, 3.8%) for children aged 5 to 14 years associated with a 7.5-µg/m 3 increase in PM 10 [52] ; A meta-analysis of three European studies of respiratory admissions in children aged 0 to 14 years reported a 1.0% (95%CI: -0.2%, 2.1%) increase in admissions for a 10-µg/m 3 increase in PM 10 [53] ; A time-stratified case-crossover study in Hanoi, Vietnam showed an increase in 10 µg/m 3 of PM 2.5 was associated with a 2.2% (95%CI: 1.2%, 3.1%) increase in risk of pediatric respiratory admissions [54] ; Another meta-analysis using Bayesian approach provided a summary estimate of 12% (95%CI: 3%, 30%) increased percentage in ALRIs per 10 µg/m 3 increase in annual average PM 2.5 concentration, in views of longer-term effects [55] .
In summary, PM 2.5 pollution was significantly associated with rising number of ALRI hospital admissions of children in Shenzhen. Relevant evidence indicated that ALRIs, including pneumonia and bronchiolitis of bacterial and viral origin, were the largest single cause of mortality among young children worldwide and incidence of ALRI was applicable to estimate mortality and lost-years of healthy life in children younger than 5 years of age [56] , [57] . In consequence, to protect children's health, it would be urgent to conduct further health risk assessment and reduce children's exposure to PM 2.5 pollution.
Nevertheless, anecdotal evidence suggests that short-term exposure to PM 2.5 is significantly associated with increased number in respiratory morbidity of children, the actual health effect of PM 2.5 on respiratory system may be related to the proinflammatory response which is dependent on the types and sources of PM 2.5 , varying in different regions [58] - [60] . Consequently, it would be useful for further research to include chemical speciation and source apportionment of PM 2.5 in correlation with geospatial statistical methods for a better characterization of the impact on the human health.
V. CONCLUSION
Current study provided evidence that short-term exposures to PM 2.5 were associated with increased risk of ALRI hospital admissions for both children and adults. Moreover, adverse health effect of PM 2.5 on ALRI hospital admissions for children was estimated to be more significant compared to adults, considering both minimum toxic concentration and lag period. Meanwhile, our study quantified the exposureresponse relationship between PM 2.5 pollution and ALRI hospital admissions for children, with a 10-µg/m 3 increase in PM 2.5 associated with a 4.3% (95%CI: 1.2%, 7.2%) increase in the number of admissions. The estimated numerical result may provide valuable information for conducting further health risk assessments. In conclusion, our study highlighted the adverse lag effects of PM 2.5 pollution on children respiratory health and emphasized the needs for specific preventive measures for different age groups.
